Pulmonary vein isolation (PVI) is the cornerstone of catheter ablation of atrial fibrillation (AF). The intervenous ridge (IVR) may be incorporated into ablation strategies to achieve PVI; however, randomized trials are lacking. We performed a randomized multi-centre international study to compare the outcomes of (i) circumferential antral PVI (CPVI) alone (minimal) vs. (ii) CPVI with IVR ablation to achieve individual PVI (maximal).
Introduction
Catheter ablation may be curative for patients with atrial fibrillation, the most prevalent sustained arrhythmia in the community. 1 Since the landmark observation recognizing the role of the pulmonary veins (PVs) as the predominant site of triggers responsible for atrial fibrillation (AF), 2 catheter ablation has evolved as an important treatment. 1 Catheter ablation is more effective than anti-arrhythmic drug therapy, although hampered by arrhythmia recurrence. 3 A worldwide registry of 182 centres reported a success rate of 75% after a mean of 1.3 procedures in patients with paroxysmal AF undergoing catheter ablation. 4 Despite advances in catheter ablation technology, imaging and operator experience PV reconnection remains the 'achilles heel' of PV isolation (PVI). The PVs are reconnected in the majority of patients who undergo repeat procedures for recurrent symptomatic paroxysmal AF. 5 We hypothesized that linear ablation along the intervenous ridge (IVR) to achieve individual PV isolation as part of antral vein isolation may improve single procedure success in patients with paroxysmal AF. Put simply one site of recovery along the ablation line reconnects one PV rather than potentially two veins. Individual PV isolation may not be performed routinely due to the technical challenges of catheter contact on the IVR and concerns regarding increased ablation and procedure time and the potential risks of PV stenosis.
The aim was to perform a randomized multi-centre international study to compare the outcomes of two commonly used strategies for catheter ablation for PVI in patients with paroxysmal atrial fibrillation.
Methods

Study population
We recruited 234 patients with highly symptomatic paroxysmal atrial fibrillation refractory to medical management to undergo circumferential PVI randomized to a minimal or maximal ablation strategy between January 2010 and August 2013. The study protocol was approved by the Human Research Ethics Committee at each of the participating hospitals and associated research institutions in Australia, New Zealand, and the UK (Clinical trial registration: ACTRN12610000863033).
Paroxysmal AF was defined according to consensus guidelines. 1 Exclusion criteria included non-paroxysmal forms of AF, previous PVI, age ,18, and incapacity to provide informed consent. Patients with a long left common PV (.15 mm from common orifice to bifurcation 6 ) were excluded due to an inappropriateness of branch isolation if randomized to maximal ablation group. Baseline characteristics and failed antiarrhythmic drugs were recorded. A pre-procedural transthoracic echocardiogram was routinely performed.
Study design
This was a prospective single blind randomized controlled trial. Patients were block randomized (block size, n ¼ 8) using computer random allocation 1 : 1 to a minimal or maximal ablation strategy, with patients blinded to group allocation (electrophysiologists were necessarily aware of group allocation). Assessment of 7-day Holter monitoring for recurrent AF was performed blinded to treatment allocation.
Catheter ablation
Catheter ablation involved antral circumferential PVI as described previously. 7 All anti-arrhythmic medications except amiodarone were stopped five half-lives before the procedure (amiodarone was ceased 2 weeks before the procedure), and peri-procedural anti-coagulation strategy was at the discretion of the treating electrophysiologist. The procedures were performed either under general anaesthetic or under conscious sedation as determined by the operator. All patients underwent transoesophageal echocardiography to rule out intra-cardiac thrombus. A decapolar catheter was positioned in the coronary sinus and a quadripolar catheter was positioned in the His bundle position via femoral venous access. Left atrial geometry was created using a three-dimensional electroanatomic mapping system (CARTO-CARTO 3, Biosense-Webster or NavX, St. Jude Medical) and fused with pre-procedural CT or MRI. Preprocedural cardiac anatomy from CT or MRI was used to determine the dimensions of intervenous and left-PV-left atrial appendage ridges, as described previously. 8 Selection of mapping system and irrigated ablation catheters was at the discretion of the operator. Catheter ablation was delivered at the PV antrum proximal to the PV-LA junction at 30 W reduced to 25 W on the posterior wall and IVR until electrical isolation was achieved. Pulmonary vein isolation (defined by PV entrance and exit block) was confirmed 30 min after initial isolation including two challenges with intravenous adenosine 18 mg to assess for acute reconnection. If transient or persistent reconnection was present further mapping and ablation was applied to reestablish PV isolation and IV adenosine repeated until no reconnection was evident. The point of electrical isolation for each PV was recorded, as were sites of acute reconnection. Procedural duration, ablation times, radiation dose and fluoroscopy times were recorded. Patients remained in hospital for 48 h post-procedure with resumption or continuation of anti-coagulation from 6 h post-procedure.
Maximal vs. minimal ablation strategy
Minimal ablation (en bloc electrical isolation of PVs as a pair)
This strategy involves wide encirclement of the PVs in ipsilateral pairs with the endpoint of electrical isolation of all 4 PVs (see Figure 1) . Ablation on the IVR was permissible only after the encircling ablation is complete and sequential repositioning of the circular mapping catheter in each vein confirms the site of breakthrough at the IVR (Figure 2 ).
Maximal ablation (electrical isolation of individual PVs)
This strategy involves antral electrical isolation of the superior vein with linear ablation across the IVR at 25 W until electrical isolation is achieved before ablation is deployed to encircle the inferior vein. This approach ensured electrical isolation of individual veins from each other.
Follow-up
After an initial 3-month blanking period, arrhythmia recurrence was defined as documented atrial arrhythmia (AF or atrial tachycardia) lasting .30 s. Post-procedure patients were followed up in clinic at 1, 3, 6, and 12 months with ongoing review 6 monthly. Patients underwent a 7-day Holter monitor at 6 monthly intervals, with event monitoring performed for patients with recurrent symptoms in the intervening periods. Repeat cardiac computed tomography scan was performed routinely in the first 40 patients at 3 months post-ablation for the presence of PV stenosis. Patients undergoing redo procedures routinely had pulmonary venography for assessment of PV stenosis.
Statistics
All statistical analysis was performed using SPSS software version 21.0 (SPSS, Chicago, IL, USA) as an intention to treat analysis. A power analysis was performed based on a 20% improvement (60 -80%) in 12-month procedural success as clinically relevant, such that a sample of size of 200 patients (100 per arm without drop-out) would be needed using a two-sided P-value of 0.05, and power of 0.80. Continuous variables are expressed as a mean + SD with comparisons between groups performed with either an unpaired Student's t-test, or where a normal distribution could not be assumed the Mann-Whitney U-test. Categorical variables are expressed as numbers and percentages, and were compared with a x 2 test. Impact of a minimal vs. maximal ablation strategy on freedom from AF was assessed using Kaplan -Meier analysis after single procedure off anti-arrhythmic medications. Multiple procedure freedom from AF at completion of the trial (incorporating patients with freedom from AF after redo procedures) was assessed at the end of the trial as proportions compared with x 2 analysis. A two-sided P-value of ,0.05 was considered statistically significant.
Results
Baseline patient characteristics
Two hundred and thirty-four patients (mean age 59 + 10 years, male 66%, hypertension 38%, mean AF duration 58 + 54 months, range 6 -360 months) were enrolled and randomized 1 : 1 to a minimal or maximal ablation strategy (see Supplementary material online, Figure S1 : CONSORT diagram). The groups were well matched for baseline co-morbidities, previous anti-arrhythmic medications, symptomatic status on questionnaire, and echocardiographic parameters ( Table 1) .
Procedural characteristics
Pulmonary vein isolation was achieved in every patient. Total ablation times were significantly longer in the maximal ablation group (46.6 + 14.6 vs. 41.5 + 13.1 min in the minimal group; P , 0.01). Fluoroscopy time, procedural time, radiation dose, or use of contact-force sensing catheter did not differ significantly between minimal and maximal ablation groups. There was no significant difference in acute PV reconnection between patients in the minimal (49 patients, 43%) and maximal groups (44 patients, 38%; P ¼ 0.44) ( Table 2) . Ablation on the IVR was performed in all 117 patients in the maximal group vs. 51 patients (44%) in the minimal group who required IVR ablation to achieve PVI (P , 0.001).
Follow-up and redo procedures: intention to treat Minimal vs. maximal On an intention to treat analysis, there was no difference in freedom from AF after single procedure off anti-arrhythmic medication between the minimal and maximal ablation groups at a mean followup of 17 + 8 months (70 vs. 62%, respectively; P ¼ 0.25) (Figure 3) . There was no difference in the mechanism of arrhythmia recurrence (AF, atrial tachycardia, or both) between the two groups. There was no difference in quality of life at follow-up between the two groups. Redo procedures were performed in 20 patients (17%) in the minimal group and 28 patients (24%) in the maximal group (P ¼ 0.20). At redo procedure, 43 patients (90%) had PV reconnection of at least one PV, and there was no difference in the site of reconnection at the IVR (maximal group 43% vs. minimal group 55%, P ¼ 0.34). On pulmonary venography at redo procedure, there was no patient with evidence of PV stenosis related to the index procedure. After multiple procedures, there remained no significant difference in freedom from AF between the minimal (80%) and maximal (80%) groups (P ¼ 0.87) ( Table 3) .
Sub-group analysis
Minimal vs. minimal requiring intervenous ridge ablation In the minimal group, 51 of 117 patients (44%) required ablation on the IVR to achieve electrical isolation. There were no significant differences in baseline characteristics between patients who did and did not require IVR ablation within the minimal ablation group ( Table 4) . The radiofrequency ablation time was significantly longer in the minimal group who required IVR ablation compared with minimal group patients who did not require IVR ablation (47.4 + 14.4 vs. 37.0 + 9.9 min; P , 0.001), and was associated with longer procedure time in the group requiring IVR ablation (182.5 + 38.6 vs. 157.2 + 38.1 min; P ¼ 0.001). There were no significant differences in fluoroscopy time or radiation dose between groups. Acute PV reconnection occurred in 28% of the minimal group who did not require IVR ablation and in 62% of the minimal group who required IVR ablation to achieve isolation (P , 0.001), with the IVR being the site of acute reconnection significantly more frequently in patients requiring IVR ablation to achieve initial isolation (68% vs. 25% in patients without IVR ablation, P , 0.01).
The dimensions of the left IVR length were significantly larger in minimal group patients who required ablation on the IVR to achieve electrical isolation vs. minimal patients not requiring IVR ablation (length 16.5 + 4.3 vs. 13.6 + 2.8 mm, P , 0.01; and area 1.3 + 0.5 vs. 1.0 + 0.7 mm, P ¼ 0.04). However, there were no significant differences for the right IVR, left PV-left atrial appendage ridge, or presence of a short left common PV (see Supplementary material online, Table S1 ).
Follow-up and redo procedures: sub-group analysis
Minimal without intervenous ridge ablation vs. minimal requiring intervenous ridge ablation Within the minimal group, there was a significant increase in freedom from AF in patients who did not require IVR ablation to achieve electrical isolation (80%) compared with those who did require IVR ablation (57%; P , 0.01) (Figure 4) . There was no significant difference in mechanism of arrhythmia recurrence between these two groups ( Table 4) . Patients in the minimal group who required IVR ablation (13 patients, 26%) were more likely to undergo repeat procedures compared with those not requiring IVR ablation (7 patients, 11%; P ¼ 0.03). There was no difference in the proportion of patients with reconnection sites on the IVR at redo procedure (57% in minimal without IVR ablation vs. 54% in the minimal with IVR ablation; P ¼ 0.99). After multiple procedures, 91% of minimal patients who did not require IVR ablation at initial procedure were free of recurrent arrhythmia, compared with 67% in patients who did require IVR ablation at initial procedure (P ¼ 0.001).
Minimal without intervenous ridge ablation vs. minimal with intervenous ridge ablation vs. maximal
The single procedure success of PVI was significantly better for minimal patients without IVR ablation (80%) compared with maximal patients (62%, P ¼ 0.02), with no difference between the maximal patients (62%) and minimal patients with IVR ablation (57%, P ¼ 0.45). After multiple procedures minimal patients without IVR ablation had significantly improved freedom from AF compared with maximal patients (91 vs. 80%; P ¼ 0.045). There was a nonsignificant trend for increased multiple procedural success between the maximal group and minimal group with IVR ablation (80 vs. 67%; P ¼ 0.08).
Contact-force guided ablation
Sixty-four of 234 patients (28%) had contact-force sensing catheters utilized, with no difference in utilization between the minimal (31%) or maximal groups (25%, P ¼ 0.31).
Complications
In the minimal ablation strategy group, there was one pericardial effusion managed conservatively, one retroperitoneal haematoma, and one major groin haematoma. In the maximal ablation strategy, there was one neck haematoma (internal jugular vein access for coronary sinus catheterisation inadvertently rupturing internal thyroid artery which required surgical evacuation) and one major groin haematoma.
There was no evidence of PV stenosis in the first 40 patients who underwent routine cardiac CT at 3 months post-ablation. Due to concerns regarding unnecessary radiation, no further routine CT scanning was performed unless clinically indicated.
Discussion
This multi-centre international randomized controlled study reports the outcome of paroxysmal AF patients undergoing circumferential pulmonary antral ablation randomized to either a minimal or maximal ablation approach to achieve electrical isolation. The major findings are:
(1) On intention to treat analysis, no statistically significant difference in freedom from AF between a minimal and maximal ablation strategy after single or multiple procedures. (2) In the minimal group, electrical isolation could not be achieved with antral isolation in 44% of patients and was successfully deployed on the IVR to achieve antral PV isolation. (3) There was a significant improvement in freedom from AF in the minimal group without IVR ablation compared with the maximal group and minimal group who required IVR ablation. (4) Increased ablation times to achieve electrical isolation with a maximal vs. minimal ablation strategy with no differences in procedure or fluoroscopy times, acute reconnection, or procedural complication between groups.
Pulmonary vein isolation
Since the landmark observation by Haissaguerre and co-workers defining the PVs as harbouring the majority of triggers initiating atrial fibrillation, PVI has become the cornerstone for catheter ablation strategies. 1 However, the location of ablation lesions deployed to achieve PVI varies between operators. While catheter ablation along the IVR is often incorporated to achieve PVI, 9 there have been no randomized studies comparing routine PVI with and without ablation along the IVR in patients with paroxysmal AF.
In the present report, there was no statistically significant difference in freedom from AF after single or multiple procedures in patients randomized to a minimal or maximal ablation strategy on intention to treat analysis. Importantly, 44% of minimal group patients effectively crossed over to a maximal strategy as IVR ablation was required to achieve electrical isolation, and is in keeping with previous non-randomized studies identifying the difficulty of achieving PVI without IVR ablation. 10, 11 We additionally identified the novel finding of reduced freedom from AF in minimal patients requiring IVR ablation. These findings may be explained by patients with unfavourable anatomy such as more complex connections at the IVR or inadequate contact force at the antral ring to achieve acute and enduring PVI with an antral approach.
Pulmonary intervenous ridge
The IVR is frequently incorporated into ablation strategies to achieve PV isolation however the impact of routine IVR ablation on procedural outcomes and complications has not been adequately assessed.
A non-randomized study in patients with both paroxysmal and persistent AF identified no difference in freedom from AF in patients with IVR ablation performed to eliminate PV potentials. 9 A small randomized controlled trial (76 patients) reported no difference in freedom from AF in patients randomized to IVR ablation or not; however, significant limitations included a follow-up of ,12 months, patients with both paroxysmal and persistent AF, and small patient numbers. 12 In the minimal ablation strategy group, despite dedicated attempts to achieve electrical isolation on the antral ablation line, 44% of patients required ablation on the IVR to achieve electrical isolation of at least one PV. Ablation on the IVR to achieve electrical isolation despite an apparently complete ablation ring has been previously reported, 9 and may be explained in part by a myocardial thickness twice that at the superior and inferior venous aspects. 13 Kistler et al. 10 reported the need to ablate on the IVR on the right in 51%
and on the left in 41% of patients undergoing catheter ablation for AF. During long-term follow-up the IVR was the most common site for PV reconnection. 11 Autopsy studies 6 have demonstrated myocardial strands between ipsilateral PVs traversing the IVR which are often epicardial and may act as a bridge across the circumferential ablation line. The requirement for ablation along the IVR to achieve electrical isolation may be explained by more complex muscular connections. We identified increased dimensions of the left IVR in minimal patients requiring IVR ablation to achieve electrical isolation without significant differences on the right IVR or LAA/left PV ridge.
Contact force
This study utilized contact-force sensing catheters in the minority of patients (28%), and was not powered to assess the impact of contactforce catheters or contact-force parameters on outcomes as these tools were not available during the study design or majority of enrolment phase. Inadequate contact-force on the antral ring may in part explain the requirement for ablation on the IVR in 44% of minimal patients.
Study limitations
While the trial design was randomized, the electrophysiologist was necessarily unblinded to patient allocation which may represent a potential source of bias. As PVI is a necessary endpoint for procedural success, a significant proportion of patients randomized to a minimal ablation strategy required ablation on the IVR to achieve electrical isolation after completion of circumferential antral PVI representing an effective crossover from a minimal-to-maximal strategy. The rates of freedom from AF may be lower than reported due to asymptomatic AF in the periods between 7-day Holter monitoring. Given a trend to an increase in freedom from AF in minimal vs. maximal patients, a sample size of 550 patients would be required to confidently assert equivalence between strategies. Many of the secondary endpoints (such as PV stenosis in patients with repeat CT, anatomical findings, and findings at redo procedures) are underpowered, with the possibility of a type 2 error. The study was underpowered to determine the impact of contact force on clinical outcomes as the technology became available towards the end of study enrolment.
Conclusion
There was no statistically significant difference in freedom from AF between a minimal and maximal ablation strategy to achieve PVI. Despite attempts to achieve PV isolation with antral ablation a significant proportion of patients require ablation on the IVR which is associated with an increase in recurrent AF. Pulmonary vein isolation achieved with antral ablation alone is associated with high long-term freedom from AF.
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